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Incorporation of the thymidine analog bromodeoxyuridine (BrdU) was used to assess cytogenesis in the central nervous system (CNS) of the
appendicularian Oikopleura dioica. A series of timed cumulative labelings carried out from 45 minutes (min) to 8 hours (h) after fertilization
provided labeling patterns that showed when neurons and support cells residing at specific sites within the 9 h CNS became postmitotic. Throughout
the CNS, which includes the cerebral ganglion, caudal ganglion and caudal nerve cord, neurogenesis occurs during an earlier time window than the
genesis of support cells. Neurons are first generated at about 45 min to 1 h after fertilization in all 3 CNS regions, starting in the cerebral ganglion.
Support cells are generated starting at about 2 h after fertilization. In both the cerebral ganglion and the caudal ganglion, neurons born during
different time epochs settle in a specific spatial pattern, following a caudal to rostral gradient in the caudal ganglion and a more complex pattern in
the cerebral ganglion. No such regional pattern was seen in the caudal nerve cord, where neurons born during different epochs were evenly
distributed along the length of the cord. In the cerebral ganglion a small subpopulation of cells continued to incorporate BrdU from 8 h to at least
15 h and may represent a reserve of stem cells or progenitor cells that generate additional cells seen in the adult. The results show that this simple
urochordate exhibits several vertebrate features of CNS cytogenesis, including a different timing of neurogenesis and gliogenesis (support cells
being the likely candidates for glial cells in Oikopleura), gradients of neuron position according to birthdate, and a maintenance of neural cell
precursors beyond embryonic and larval stages.
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Substantial progress has been made in recent years in des-
cribing the development of tunicate nervous systems, particu-
larly in ascidian species such as Ciona intestinalis and Halo-
cynthia roretzi. The large size of the embryos of these and other
species has afforded embryologists the opportunity to char-
acterize cleavage patterns and lineage by direct microscopic
observation (Conklin, 1905; Ortolani, 1955; Reverberi et al.,
1960a; Nishida, 1986; Nicol and Meinertzhagen, 1988a,b; Cole
and Meinertzhagen, 2004). These studies have been supple-
mented and extended by lineage tracing with cellular markers,
and a fairly comprehensive account of ascidian lineages, in-⁎ Corresponding author. Fax: +47 22851249.
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doi:10.1016/j.ydbio.2007.08.058cluding neural lineages, has now been obtained (Nishida, 1987;
Nicol and Meinertzhagen, 1988a,b; Hirano and Nishida, 1997,
2000; Taniguchi and Nishida, 2004). It is known, for example,
that the entire larval central nervous system (CNS) of Ciona
stems from 10th- to 14th-generation cells, and that the sensory
vesicle originates predominantly from a-line and A-line blasto-
meres whereas the visceral ganglion and caudal nerve cord
originate predominantly from A-line and b-line blastomeres
(Cole and Meinertzhagen, 2004). In larval Halocynthia, the
sensory vesicle and visceral ganglion are together derived from
4 a-line blastomeres and 6 A-line blastomeres at the 110-cell
stage through a highly mosaic set of lineages, each of which
establishes a specific and coherent cell population within the
ganglia (Taniguchi and Nishida, 2004). The primary neurogen-
esis that establishes the larval CNS is therefore fairly well
described in ascidians.
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cularian tunicates due to their larvacean life form, in which a
free-swimming pelagic lifestyle is maintained throughout life,
the sequencing of their genome, which has revealed a number of
intriguing features of genomic organization (Seo et al., 2004),
and the realization that vertebrates are more closely related
genomically to tunicates than they are to amphioxus (Delsuc et
al., 2006). This has prompted a closer comparative examination
of ascidian and appendicularian embryonic development, with
the aim of uncovering potential evolutionary links to the primi-
tive chordate ancestor.
Oikopleura dioica has become a popular model system for
studying appendicularian embryology. It is readily accessible,
has a short lifespan, and can be raised in the laboratory. A
number of recent studies have described the expression of
developmental regulatory genes and the development of spe-
cific tissues and cell types in O. dioica (Seo et al., 2004;
Cañestro et al., 2005). Our work has focused on the develop-
ment of the nervous system. We have used cell type-specific
markers to identify different types of neurons and other cells in
and near the central nervous system (Søviknes et al., 2005,
2007), and we have initiated studies to correlate the differentia-
tion of these cell types with the expression patterns of
developmental regulatory genes. One key aspect of neurogen-
esis that remains poorly characterized, however, involves the
precise embryonic origins of the various neuron types.
O. dioica is considerably smaller and more fragile thanCiona
and Halocynthia, and this has hindered progress in tracking
lineages as comprehensively as in these ascidian species.
Although thorough descriptions of early cleavage patterns and
initial lineages have also been obtained in O. dioica and Oiko-
pleura longicauda (Delsman, 1910, 1912; Fenaux, 1976, 1998;
Fenaux and Gorsky, 1983; Galt and Fenaux, 1990; Nishino and
Sato, 2001), and some limited lineage tracing has appeared in the
literature (Nishino and Sato, 2001), there is still a large gap in our
knowledge regarding the fates of specific blastomeres and the
origins of different tissues inO. dioica. This kind of information
is important not only because it can provide clues about the
mechanisms of tissue fate specification, but also because it
provides a 4-dimensional map that can guide experimental
manipulations designed to test potential mechanisms.
It can be expected that at some point technical advances will
facilitate injection-mediated or genetically mediated lineage
tracing in O. dioica. In the interim, we have used another
approach to obtain information about the origins of neurons,
namely birthdating by labeling with the nucleotide analog
bromodeoxyuridine, or BrdU. Through a systematic series of
BrdU exposures at different times during early development, we
have been able to pinpoint the stages at which neurons in the
principal divisions of the nervous system become postmitotic.
We find that neurogenesis occurs concurrently in the cerebral
ganglion, caudal ganglion, and caudal nerve cord, and reaches
completion first in the two ganglia, being more protracted in the
caudal nerve cord. Nearly all neurons in each of the 3 structures
are generated prior to 4 h of development, which is when the
animal hatches, shortly after the completion of gastrulation. As
far as we know, birthdating of the larval complement of tunicateneurons using nucleotide incorporation has been performed in
only two previous studies, in both cases on ascidian species
(Phallusia: Reverberi et al., 1960b, Ciona: Bollner and Meiner-
tzhagen, 1993). In addition, secondary neurogenesis that occurs
along with programmed cell death in connection with meta-
morphosis to the sessile adult stage has also been studied in
Ciona using nucleotide incorporation (Tarallo and Sordino,
2004). Neither Reverberi et al. (1960b) nor Bollner and Meiner-
tzhagen (1993) attempted a comprehensive account of primary
neurogenesis. Our study therefore represents the first compre-
hensive birthdating of larval neurons using this approach in any
tunicate species, and provides a valuable complement to lineage
tracing as a means of assessing neuronal origin.
Materials and methods
Animals
Animals were collected and maintained and in vitro fertilizations were
carried out as described previously (Søviknes et al., 2007). Development con-
tinued at room temperature, 18–20 °C, and was rapid, with the first cell
cleavages occurring after 20–30 min and subsequent cleavages every 5 min. The
blastula stage was reached at 1.5 h, hatching at about 3.5–4 h and the tailshift
stage at 12–14 h. For BrdU labeling, particular care was taken to use batches of
fertilized eggs that were synchronized in their initial cell divisions.
BrdU labeling and immunohistochemistry
A 3 mM BrdU solution was prepared from BrdU powder (FW: 307 g/mol;
Sigma) dissolved in sterile-filtered seawater for 2 h. This solution was then
diluted to 1 mM and 100 μM in sterile-filtered seawater for incubation of
embryos.
Two approaches were used for BrdU labeling. One was to incubate different
batches of embryos at sequential developmental stages, using a 15-min pulse of
1 mM BrdU, and then letting the animals develop until 15 h for assessment of
BrdU labeling. This provided information in preliminary experiments about the
general window of time during which neurons became postmitotic. The other
approach, which was used to obtain more precise information about spatio-
temporal patterns of neurogenesis, and which has provided the data documented
in detail here, was to incubate different batches of embryos with 100 μM BrdU
continuously starting at different developmental stages until 9 h for assessment
of BrdU labeling. This cumulative labeling approach, which has been used
extensively in embryos and cultured cells of avian and mammalian species
previously (Clarke et al., 1976; Hollyday and Hamburger, 1977; Crossland and
Uchwat, 1982; Eide and Glover, 1996; O’Rourke et al., 1997; Mulrenin et al.,
1999), labels all cells that undergo DNA synthesis (for example during mitosis)
after the start of BrdU incubation, leaving any cells that have become
postmitotic by the start of incubation unlabeled. At the end of either type of
BrdU incubation, embryos were washed well with sterile-filtered seawater.
Following washing, the animals were fixed for immunohistochemistry
overnight at 4 °C in 4% paraformaldehyde in 0.1 M MOPS (pH 8.0), 0.5 M
NaCl, 0.5 M EGTA and stored in 0.1 MMOPS and 0.5 M NaCl for up to 1 week
at 4 °C. Whole mount immunohistochemistry was then performed as described
previously (Søviknes et al., 2007) with the following modifications. Incubation
volumes were 0.5 ml instead of 0.2 ml. A DNase incubation was performed to
expose the incorporated BrdU as epitope (using HCl for the same purpose was
unsuccessful in numerous attempts). Animals were incubated in PBST
containing 1% BSA, 1 mM MgSO4, 10 U/ml DNase I overnight at 4 °C and
then rinsed in PBST containing 1% BSA and 2 mM EDTA. Primary antibody
incubation was in PBST containing 1% BSA and anti-BrdU (1:100; Accurate
Chemical, catalog number YM8006, mouse monoclonal antibody clone YU-4)
for 3 days at 4 °C. Postfixation was with 4% paraformaldehyde in PBS (pH 7.4)
for 1 h at 4 °C. Preparations were again washed in PBST 3 times. A second
blocking step was performed (1% BSA in PBST for 1 h at RT). Secondary
antibody incubation was in PBST containing 1% BSA and FITC-conjugated
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715-095-151) for 2 days at 4 °C. Preparations were washed in PBST 3 times
prior to nuclear staining using To-Pro-3 iodide (1:100; Molecular Probes) in
PBS containing 2 mM EDTA. After a brief PBST wash, the preparations were
mounted on glass slides in Vectashield under coverslips.
In situ hybridization for α-tubulin A mRNA
In situ hybridization for α-tubulin A mRNA was performed as described
previously (Søviknes et al., 2007).
Microscopy
Confocal fluorescence microscopy was performed using a Leica TCS laser
scanning confocal microscope as described previously (Søviknes et al., 2007).
Image stacks of about 1-μm optical sections were acquired using Leica
PowerScan software.
Cell identification and counting
Since BrdU is incorporated into the nucleus, to assess patterns of
neurogenesis it was necessary to identify and count BrdU-labeled and BrdU-
unlabeled neuronal nuclei. BrdU-labeled nuclei stood out strongly against the
To-Pro-3 nuclear counterstaining and were easily identified and counted in all
CNS structures. In the caudal ganglion and caudal nerve cord, BrdU-unlabeled
nuclei were also distinct and easily counted, despite the fact that nuclear
boundaries are disrupted in this material due to the harsh DNase treatment used
to expose the BrdU epitope. In the cerebral ganglion, this posed a technical
problem because here the cell nuclei are particularly numerous and tightly
packed. As a consequence, although individual BrdU-labeled nuclei were
readily discerned in all 3 CNS structures, individual BrdU-unlabeled nuclei were
difficult to distinguish in the cerebral ganglion. This is considered in more detail
in the Results section.
The nuclei of neurons, support cells, notochord cells, muscle cells, and
epithelial cells could all be distinguished from each other on the basis of position
and nuclear morphology as detailed previously (Søviknes et al., 2005, 2007, and
see below). The procedure used to identify and count BrdU-labeled and BrdU-
unlabeled nuclei, with the caudal ganglion as an example, is described in detail
in Fig. S1 (Supplementary material).Results
Overview of CNS structures
The central nervous system of Oikopleura consists of the
cerebral ganglion, the caudal ganglion and the caudal nerve cord
(Fig. 1A). A general description of these structures is included
in Supplementary material. The number of cells in the cerebral
ganglion at 9 h (the principal endpoint in these studies) has been
estimated to be on the order of 60–65, but it has not been clear
whether all are neurons (Søviknes et al., 2005). Indeed, several
particularly large cells in the posterior region of the ganglion,
termed the “midbrain cells” (despite the lack of definitive evi-
dence that this region is homologous to the vertebrate mid-
brain), have had an uncertain phenotype (Georges et al., 1988).
To avoid unwarranted suggestions of homology, we use the
term “M” cells here (for “magnocellular”). At 9 h the caudal
ganglion contains on average 28 neurons (the number de-
creases slightly at later stages) with two support cells at each
end (Søviknes et al., 2005), and the caudal nerve cord contains
on average 30 neurons and 20 support cells (Søviknes et al.,
2007).The experimental rationale
In the following sections we present a systematic series of
BrdU labeling patterns obtained using the cumulative labeling
method, in which any cell that has become postmitotic prior to
the start of BrdU incubation will not incorporate DNA and will
remain unlabeled at the end of incubation. The only exception
to this would be cells that undergo endoreduplication, in which
DNA synthesis occurs in the absence of mitosis. Endoredu-
plication is a characteristic feature of Oikopleura epithelial
cells (Ganot and Thompson, 2002), and we readily observed
this in our experiments (see below). To our knowledge, endo-
reduplication has not been reported in neurons or glial cells in
any species, but the particularly large size of some inver-
tebrate and vertebrate neurons certainly leaves the possibility
open.
To assess whether endoreduplication might occur in cells of
the Oikopleura CNS, we used pulse labeling at various time
points. We examined neurons and support cells in the caudal
ganglion and nerve cord, which contain only these two cell
types (Søviknes et al., 2005, 2007). We found that BrdU pulses
at hourly intervals from 5 h on and from 6 h on did not label any
neurons or support cells, respectively, in the 15 h caudal gang-
lion and nerve cord, suggesting that both cell types cease
mitotic activity by 6 h in these structures. As will be shown
below, we observed few if any indications that endoreduplica-
tion occurs in neurons or support cells in cumulative BrdU
labeling experiments either. On these grounds we are reason-
ably confident that endoreduplication is not a complicating
factor in our results.
To obtain a sequential account of neurogenesis we mapped
the BrdU-unlabeled (postmitotic) neurons in cumulative
labeling experiments encompassing BrdU incubations starting
at 15-min intervals from 45 min to 6 h post-fertilization, with
two additional incubations that started at 7 h and 8 h. Labeling
was examined at 9 h, when the CNS is structurally well defined.
It is important to realize that the resultant pattern of neuro-
genesis is read out in the spatial context of the distribution of
neurons at 9 h, and thus also incorporates any movements neu-
rons might make between their time of genesis and 9 h.
We consider first the patterns of neurogenesis in the caudal
ganglion and the caudal nerve cord, where both BrdU-labeled
and BrdU-unlabeled neurons are easily counted, and consider
last the special case of the cerebral ganglion, in which BrdU-
unlabeled neurons are difficult to count (see below and
Supplementary material).
Neurogenesis in the caudal ganglion and caudal nerve cord
Figs. 1B–D show BrdU-labeling patterns in three different
9 h caudal ganglia with BrdU incubations starting at 1 h 30 min,
2 h 30 min and 3 h 15 min, respectively. For each ganglion,
single optical sections containing a fraction of the BrdU-labeled
and BrdU-unlabeled (postmitotic) nuclei are shown, followed
by sequential reconstructions in which all the BrdU-labeled
neuronal nuclei are colored green, and then, for clarity, the same
cumulative reconstructions in which the BrdU-unlabeled
Fig. 1. (A) Overview of the central nervous system in the 9 h Oikopleura dioica larva. (B–D) Progress of neurogenesis in the caudal ganglion revealed by cumulative
BrdU incorporation starting at different time points, with assessment at the 9 h stage. Confocal images (B1–D1, each a merge of several optical sections) and composite
reconstructions drawn from the serial optical sections (B2–D2 and B3–D3) at 9 h following BrdU incubations starting at the indicated time points. In the confocal
images all nuclei are labeled red (To-Pro-3 iodine staining) and nuclei that have incorporated BrdU are labeled green. BrdU-labeled neuronal nuclei and support cell
nuclei are indicated by arrowheads and vertical arrows, respectively. In panels B2–D2 the BrdU-labeled neuronal nuclei are colored green, in panels B3–D3 the BrdU-
unlabeled neuronal nuclei are colored red, and the support cells are indicated by vertical arrows. The images are from representative specimens at each of the stages
shown. The specimen in panels C1–C3 is the same specimen as shown in Fig. S1 (Supplementary material). Note that panel C2 is the same as used in Fig. S1E2, and
that panel C1 is a composite of panels A1–E1 from Fig. S1. Scale bars=10 μm.
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neurons clearly increases over time. Thus, at 1 h 30 min, more
than half the neurons had not yet been generated, whereas by
3 h 15 min all but 2 of the neurons in the specimen shown had
been generated.
Fig. 2 shows BrdU-labeling patterns in three different 9 h
caudal nerve cords with BrdU incubations starting at 1 h 30 min,
2 h 30 min and 4 h 15 min, respectively. For each nerve cord,
confocal images are shown first, followed by a sequential re-
construction in which BrdU-labeled neuronal nuclei are colored
green and BrdU-unlabeled (postmitotic) neuronal nuclei are
colored red. The photographed regions of the nerve cord are
bracketed by vertical transects in the specimen drawings above.
These are the regions where the largest increases in neurogen-
esis occur following the relevant incubation start times and are
therefore not identical in the 3 preparations and cannot becompared directly in terms of spatial pattern. Nevertheless, it is
clear that as development proceeds during the time window
between 1 h 30 min and 4 h 15 min, the proportion of postmi-
totic neurons increases.
Fig. 3 (A, B) shows graphical summaries of the average
numbers of BrdU-labeled and BrdU-unlabeled (postmitotic)
neuronal nuclei in the caudal ganglion and caudal nerve cord as
a function of developmental time. The number of postmitotic
neurons increases, approximately monotonically, to a maximum
equal to the total number of neurons in each structure. Thus, all
neurons in the caudal ganglion are generated by 3 h 30 min,
about the time of hatching, and more than a third of them have
already been generated by 1 h 15 min. Neurogenesis is more
protracted in the caudal nerve cord, where more than a third of
the neurons have already been generated by 1 h 15 min as in the
caudal ganglion, but the full complement of postmitotic neurons
Fig. 2. Progress of neurogenesis in the caudal nerve cord revealed by cumulative BrdU incorporation starting at the indicated time points, with assessment at the 9 h
stage. Shown are side view drawings of entire embryos (A1–C1), confocal images (A2–C2, each a merge of several optical sections) from the part of the tail delimited
by the vertical transects in the side view drawings, and composite reconstructions drawn from the serial optical sections (A3–C3). In the side view drawings, the
cerebral ganglion (ceg), caudal ganglion (cg) and caudal nerve cord (nc) are indicated in dark grey. For the confocal images all nuclei are labeled red (To-Pro-3 iodine
staining) and nuclei that have incorporated BrdU are labeled green. In the composite reconstructions (A3–C3) BrdU-labeled neuronal nuclei are colored green, BrdU-
unlabeled neuronal nuclei are colored red, and support cells are indicated by vertical arrows. The images are from representative specimens at each of the stages shown.
Scale bars=10 μm.
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an hour after hatching.
To provide a general impression of the spatiotemporal
pattern of neurogenesis in these two structures, we plot in Figs.
3C–H the progressive addition of postmitotic neurons in a
standardized caudal ganglion and a standardized caudal nervecord, in which neurons generated at successively later times are
coded in increasingly darker shades of gray. These are the
patterns that would be expected, based on separate preparations
with different incubation start times, if labeling were performed
in a single preparation with sequentially different labels. The
pattern reveals that neurogenesis occurs in a weak posterior to
Fig. 3. Spatiotemporal patterns of neurogenesis and neuronal settling in the caudal ganglion and caudal nerve cord. (A, B) Graphs of the numbers of BrdU-positive and
BrdU-negative (postmitotic) neurons in the caudal ganglion and caudal nerve cord, respectively, as a function of time of initiation of BrdU exposure. (C–H) Neurons
that have become postmitotic by 1 h 30 min (light grey nuclei), between 1 h 30 min and 2 h 30 min (dark grey nuclei), and between 2 h 30 min and 4 h (caudal ganglion,
black nuclei) or 4 h 30 min (caudal nerve cord, black nuclei) are shown cumulatively in caudal ganglion (C–E) and caudal nerve cord (F–H). Support cell nuclei are
indicated by vertical arrows. The drawings are of a standardized caudal ganglion and a standardized caudal nerve cord and are representative of typical specimens for
each of the incubation start times shown. (I) Graph of the numbers of BrdU-positive and BrdU-negative (postmitotic) support cells in the caudal ganglion and caudal
nerve cord as a function of time of initiation of BrdU exposure. Error bars=standard deviation, n=4–7 for all data points.
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born prior to 1 h 30 min lie in the caudal half of the ganglion,
neurons born between 1 h 30 min and 2 h 30 min are evenly
distributed between rostral and caudal halves of the ganglion,
and 2/3 of neurons born between 2 h 30 min and 3 h 30 min lie
in the rostral half of the ganglion. By contrast, no such gradient
is obvious in the caudal nerve cord, since neurons born in 3
different temporal epochs are all evenly distributed along the
length of the cord.Generation of support cells in the caudal ganglion and caudal
nerve cord
The same analysis as above was made for support cells, of
which there are 4 associated with the caudal ganglion and on
average 20 in the caudal nerve cord at 9 h (Søviknes et al., 2005,
2007). Fig. 3I shows that the generation of postmitotic support
cells occurs over a substantially longer period than neurogen-
esis. The onset of support cell generation (2 h) is delayed rela-
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generated after 3 h 45 min, when neurogenesis is largely
complete.
Cell types and numbers in the cerebral ganglion and first brain
nerves
Assessment of neurogenesis in the cerebral ganglion is com-
plicated by two factors. First, the cells are more numerous and
more tightly packed than in the other structures, and with the
loss of structural resolution caused by DNase treatment it be-
comes difficult to discriminate individual nuclei unless they are
labeled with BrdU, which brings them into relief. Thus,
although it was straightforward to count BrdU-labeled nuclei,
it was not possible to count BrdU-unlabeled nuclei unambigu-
ously. We were therefore forced to use a method of subtraction
to estimate the number of BrdU-unlabeled nuclei. For this, we
first counted nuclei in 6 cerebral ganglia at 9 h that were
labeled with To-Pro-3 without any DNase treatment, and
obtained counts ranging from 57–64. Together with counts of
62 and 65 obtained in an earlier study (Søviknes et al., 2005),
this gave a mean of 61.1±2.9 (mean±S.D., n=8). We there-
fore use 61 as a standard number of total nuclei in the 9 h
cerebral ganglion for interpreting the BrdU labeling experi-
ments below. An example of the counting procedure used on
one of the cerebral ganglia is shown in Fig. S2 (Supplementary
material).
Second, it is more difficult to discriminate between neurons
and support cells in the cerebral ganglion because the cells vary
in orientation, and the difference in nuclear morphology is
therefore not as obvious as in the caudal ganglion and caudal
nerve cord. To convince ourselves that we could distinguish
neurons and support cells on the basis of nuclear morphology,
we performed an independent test of their identification in a
separate series of preparations using in situ hybridization for α-
tubulin A mRNA, which is a transiently expressed neuron-spe-
cific marker (Søviknes et al., 2007). The results of this test are
presented in detail in Supplementary material (Fig. S3), and
clearly supported a distinction between neurons and support
cells according to the same features as in the caudal ganglion
and caudal nerve cord. The number of support cells in the
cerebral ganglion was 19.2±0.8 (n=6), and these had
stereotyped positions within the ganglion (Fig. S3).
In addition to the neurons within the cerebral ganglion, 4
neurons are present in each of the first brain nerves (Martini,
1909; Bollner et al., 1986; Søviknes et al., 2005). However, at
9 h it was difficult to distinguish these neurons from nearby
cells in the lip region, which the first brain nerves innervate. We
were therefore unable to count the neurons of the first brain
nerves unambiguously, and do not consider them further in this
study.
As an additional aid to interpreting the cumulative BrdU
labeling results in the cerebral ganglion, Fig. S2 (Supplemen-
tary material) also shows phalloidin staining of actin-rich nerve
fibers in the ganglion and the first brain nerves, the cilia of the
ciliary funnel and structural features of the statocyst. These
structures provided convenient landmarks for tallying BrdU-labeled nuclei in the ganglion. A third landmark was provided
by the “M” cells, which we have never seen to be stained by
neuron-specific markers and presume to be non-neuronal.
Neurogenesis in the cerebral ganglion
Fig. 4 shows BrdU-labeling patterns in three different
cerebral ganglia with BrdU incubations starting at 1 h 30 min,
2 h 30 min, and 5 h, respectively. For each ganglion, a series of
confocal optical images is shown, followed by a composite
reconstruction in which all the BrdU-labeled nuclei are colored
green. The composite drawings in Fig. 4 panels E, J and O thus
present the full tallies of BrdU-labeled nuclei in the cerebral
ganglion, which clearly decrease in number as development
proceeds. Fig. 5A shows this decrease graphically. Based on the
estimated 61 total cells in the cerebral ganglion, Fig. 5A also
indicates by subtraction the progressive increase in postmitotic
cells. In contrast to what we observed for neurons in the caudal
ganglion and caudal nerve cord, BrdU-incorporation by cells in
the cerebral ganglion did not cease within 5 h, but continued at
least through 8 h. Moreover, it exhibited 2 phases, one that
generated around 40 cells by about 3 h 30 min and a second that
generated an additional 10 or so cells by about 5 h 45 min.
Comparison of the positions of BrdU-unlabeled nuclei (Figs.
5C1–C3) with the positions of support cells (Fig. S3) shows
clearly that the earliest born cells lie outside of the support cell
domains and must therefore be neurons. Moreover, it shows that
support cells are generated predominantly after 4 h–5 h (Fig.
5C3), although a few are born earlier. We conclude that the first
phase of cytogenesis in Fig. 5A represents primarily neurogen-
esis. Thus, as in the caudal ganglion and caudal nerve cord,
neurons are generated during an earlier epoch than support
cells.
Although by 5 h 45 min, most of the cells in the cerebral
ganglion had become postmitotic, a specific subpopulation of
cells, located predominantly in the anterodorsal quadrant of the
ganglion, continued to incorporate BrdU through 8 h (Fig. 5C4).
A very similar subpopulation incorporated BrdU in pulse label
experiments at hourly time points from 9 h to 15 h (Figs. 5B1–
B3). The potential identity of these cells will be addressed in the
Discussion section. Since this subpopulation always had a
specific location within the ganglion, we propose that the 50–55
remaining cells, which evidently no longer incorporate BrdU
after 6 h, assume a postmitotic, non-endoreduplicating fate,
whereas this more restricted population represents cells that
either do not become postmitotic until after 15 h or are endo-
reduplicating cells.
We noted that the “M” cells continued to incorporate BrdU
throughout the period up to 15 h after fertilization. Since these
cells become substantially larger than the other cells in the
cerebral ganglion, they may be good candidates for endoredu-
plicating cells.
Considering only the 50–55 cerebral ganglion cells that
became postmitotic by around 5 h 45 min, Figs. 5C1–C4 plots
the progressive addition of postmitotic cells in a standardized
cerebral ganglion in which cells generated at successively later
times are coded in increasingly darker shades of gray, as was
Fig. 4. Progress of neurogenesis in the cerebral ganglion revealed by cumulative BrdU incorporation starting at different time points, with assessment at the 9 h stage.
Each column shows a series of confocal optical sections followed by a composite reconstruction drawn from them. In the confocal images all nuclei are labeled red (To-
Pro-3 iodine staining) and nuclei that have incorporated BrdU are labeled green. In the composite drawings, the BrdU-labeled nuclei are colored green, no unlabeled
nuclei are shown. The images are from representative specimens at each of the stages shown. Epit=epithelium, S=staocyst, Cf=ciliary funnel, M=“M” cell. Scale
bars=10 μm.
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The resulting spatiotemporal pattern of genesis is admittedly
more difficult to assess than in the other structures because
there is more variability in the shape of the cerebral ganglion
(which is intrinsically asymmetrical) and in the organization of
cells and structures within it. Nevertheless, there is a clear in-
dication of a regional progression, in which cells in the post-
erodorsal and anteroventral regions of the ganglion become
postmitotic first, followed by cells in specific and largely
coherent domains in the central regions of the ganglion. Thus,
considering the cells born during the predominantly neuroge-netic epoch (through about 3 h 30 min), there seems to be a
polar-to-central gradient.
Discussion
General summary
We have used cumulative BrdU labeling to investigate the
spatiotemporal patterns of neurogenesis, and of the genesis of
support cells, the putative glia, in the 3 main divisions of the
CNS of the appendicularian tunicate O. dioica. Pulse labeling
Fig. 5. Spatiotemporal pattern of cytogenesis and cell settling in the cerebral ganglion. (A) Graph of the numbers of BrdU-positive and BrdU-negative (postmitotic) cells
in the cerebral ganglion as a function of time of initiation of BrdU exposure. The numbers of BrdU-negative cells are derived by subtraction from the average total
number of cells in the 9 h cerebral ganglion. Error bars=standard deviation, n=4–7 for all data points. (B1–B3) Confocal images showing the location of nuclei that
continue to incorporate BrdU (labeled green) on pulse labeling between 9 h and 15 h. Note that these include the “M” cells (M) and cells in the epithelium (Epit).
(C1–C4) The positions of cells generated during sequential time epochs (before 1 h 30 min, light grey; between 1 h 30 min and 2 h 30 min, medium grey; between
2 h 30 min and 5 h, dark grey; and between 5 h and 8 h, black) as deduced from cumulative labeling experiments. Nuclei colored red in panel C4 are those that
continue to incorporate BrdU after 9 h, shown in panels B1–B3. The drawings are of a standardized cerebral ganglion and are representative of typical specimens
for each of the incubation start times shown. Scale bars=10 μm.
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important point to keep in mind is that spatiotemporal patterns
obtained using the cumulative labeling method combine the
timing of cell generation with the location of cells at a specific
developmental endpoint (9 h). In other words, it cannot be
concluded that a postmitotic cell at a specific location at 9 h was
generated at that location; it may have migrated there from a siteof genesis elsewhere. For this reason, it is most appropriate to
term the resultant patterns as “spatiotemporal patterns of cyto-
genesis and settling” (Hollyday and Hamburger, 1977).
Our salient observations are as follows:
(1) Neurons in the cerebral ganglion, caudal ganglion and
caudal nerve cord are generated during a window of
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gastrulation to the time of hatching (45 min to 4 h).
(2) Neurogenesis is concurrent in the 3 main divisions of the
CNS, but more protracted in the caudal nerve cord than in
the cerebral and caudal ganglia. Some neurons (about
10%) in the caudal nerve cord are not born until about an
hour after hatching. The very first neurons to be born are
located in the cerebral ganglion.
(3) Within the two ganglia there is a regional pattern of
neurogenesis and settling, following a roughly posterior
to anterior gradient in the caudal ganglion and a roughly
polar-to-central gradient in the cerebral ganglion. No such
regional pattern was seen in the caudal nerve cord.
(4) Support cells begin to be generated later, from about 2 h,
and have a more extended period of genesis that is not
complete until about 6 h in the caudal ganglion and
caudal nerve cord and evidently even later in the cerebral
ganglion.
(5) In the cerebral ganglion, a distinct subpopulation of cells
located in the anterodorsal quadrant continues to incor-
porate BrdU well after the 9 h complement of cells has
been generated.
Cell identities and numbers
The definition of neurons used here is based on a consistent
nuclear morphology and the consistent expression of neuronal
markers (tubulin, neurotransmitters, neurotransmitter enzymes;
see Søviknes et al., 2005, 2007). The support cells have a
distinct nuclear morphology (which however is diminished in
DNase-treated tissue such as used here) and have never been
seen to express neuronal markers (Søviknes et al., 2005, 2007).
They are likely to be glial cells, but currently no glial markers
are available to confirm this. We have not combined BrdU
labeling with neuron-specific markers here because it is
technically difficult to obtain strong signals with both while
maintaining the structural integrity of the tissue. In addition, the
neuron-specific markers that we have used previously have
specific schedules of expression which are not fully compatible
with the 9 h endpoint we have used here. For example, tubulin-
A is undetectable in many neurons by 9 h. Since neurons and
support cells can be identified reliably by size and nuclear
staining, we deemed it unnecessary in this study to struggle with
more challenging approaches.
The onset of support cell genesis is substantially delayed
relative to neurogenesis in all divisions of the CNS. This paral-
lels the situation in vertebrates, in which gliogenesis is delayed
and protracted relative to neurogenesis (Qian et al., 2000).
Two additional subpopulations of cells in the cerebral gang-
lion do not become postmitotic by 8 h (in cumulative labeling
experiments) and continue to incorporate DNA in pulse labeling
experiments between 9 h and 15 h. One of these, the “M” cells,
does not fit morphologically into either the neuron or support
cell classes. The “M” cells become quite large and also develop
large nuclei, a suggestive sign of endoreduplication. The other
subpopulation (indicated in red in Fig. 5C4) comprises smaller
cells located in the anterodorsal quadrant of the ganglion. Basedon their positions and the sizes of their nuclei, some but not all
of these cells are probably contained within the support cell
class.
The two phases of cytogenesis observed in the cerebral
ganglion do not provide a complete picture, because the number
of cells in the cerebral ganglion increases from about 60 at 9 h
(the developmental endpoint used here) to on the order of 80–
90 in the adult (see Søviknes et al., 2005). Where do these
additional cells come from? Two possibilities exist, namely
immigration from extraganglionic sites or continued mitotic
activity within the ganglion. Since the cells in the anterodorsal
quadrant of the cerebral ganglion continue to incorporate BrdU
well beyond 9 h, and at least as late as 15 h, they appear to be
stem or progenitor cells that are maintained beyond the found-
ing phases of cytogenesis represented by the plateaus of post-
mitotic cells seen prior to 9 h. Such maintained stem cells could
provide a reserve for generating additional neurons and support
cells in the adult. This would parallel the presence of stem cells
in the vertebrate forebrain and midbrain that generate neurons in
a variety of contexts in the adults of various vertebrate species
(Kirn and DeVoogd, 1989; Alvarez-Buylla et al., 1994; Carleton
et al., 2003; Dewulf and Bottjer, 2005; Adolf et al., 2006;
Chapouton et al., 2006), and the presence of mitotic glial cells in
adult vertebrates. The location of the anterodorsal cells is also
similar to that of a main population of adult ascidian brain
precursors (Tarallo and Sordino, 2004). There is no obvious
indication that the anterodorsal cells engage in endoreduplica-
tion since their nuclei do not increase in size (as occurs in the
“M” cells) or in To-Pro-3 staining intensity. Both these cell
types deserve closer scrutiny in this regard, however, because if
they do show endoreduplication they would represent to our
knowledge the first examples of endoreduplicating cells in any
chordate nervous system.
Relationship to neuronal differentiation
The temporal patterns of neurogenesis seen here are entirely
consistent with our earlier studies of neuronal differentiation in
Oikopleura. Tubulin-A expression has been detected by about
4 h in the CNS (in a small number of cerebral ganglion neurons,
about half of caudal ganglion neurons and a third of caudal
nerve cord neurons), and the number of tubulin-A mRNA-
positive neurons reaches a maximum at about 6 h (Søviknes et
al., 2007). If the increase is linear and extrapolated backwards
into time, tubulin-A expression would start at about 2 h–3 h, or
an hour or two after the first neurons are generated. This is a
reasonable delay for the expression of a general neuronal
protein. The expression of mRNA for the GABA-synthesizing
enzyme GAD begins at about 4 h in the cerebral ganglion and
about 7 h in the caudal ganglion (Søviknes et al., 2005), and the
expression of mRNA for the ACh-synthesizing enzyme ChAT
begins at about 9 h in the cerebral ganglion (Søviknes,
unpublished observations), 6 h in the caudal ganglion and 9 h
in the caudal nerve cord (Søviknes et al., 2007). We have also
detected expression of mRNA for the catecholamine-synthesiz-
ing enzyme TH in the cerebral ganglion starting at about 4 h
(unpublished observations). Thus, it takes on the order of 3–5 h
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mitter systems begin to differentiate.
Comparison to ascidians
As noted earlier, there appear to be only two prior studies in
which birthdating using nucleotide incorporation has been
performed in tunicate embryos, and these were done in ascidian
species (Phallusia: Reverberi et al., 1960b, Ciona: Bollner and
Meinertzhagen, 1993). Neither made a comprehensive assess-
ment of neurogenesis. Reverberi et al. (1960b) examined how
selected radioactive nucleotides and amino acids were incorpo-
rated into the developing embryo as a means of assessing DNA
and protein synthesis. Although they did not specifically add-
ress neurogenesis, their observations of 3H-thymidine incor-
poration showed that neurogenesis occurs at neurula and tailbud
stages, and that cells of the neural plate continue to be generated
after muscle and notochord cells become postmitotic. Bollner
and Meinertzhagen (1993) performed a more systematic series
of BrdU incubations, but focused on later stages of neurogen-
esis for the express purpose of determining how late neurogen-
esis occurs and neuron number increases. They found that all
neurons are generated prior to 70% of development (when pig-
ment cells first appear in the sensory vesicle), but that gene-
ration of ependymal cells (the other main cell type in the CNS)
continued until at least 95% of development. This is reminiscent
of the sequence of neurogenesis and support cell genesis in
Oikopleura.
Based on the timed BrdU applications, neurogenesis in O.
dioica begins sometime around 45 min after fertilization in the
cerebral ganglion and sometime between 45 min and 1 h after
fertilization in the caudal ganglion and caudal nerve cord. At the
incubation temperature used here, the first cleavage occurs at
about 20 min and each successive cleavage occurs at about 5-
min intervals (at least during the early rounds of cleavage). In an
idealized sequence of synchronized cleavages, this would mean
that neurogenesis starts during the 6th to 8th cleavages, at which
the embryo would attain about 64–256 cells (in fact, the 6th
division generates only 60 cells according to Delsman (1910),
so synchrony may be breaking down already by this stage).
Consistent with this, Nishino and Sato (2001) have suggested,
based on direct observation, that neurulation in Oikopleura
longicauda starts immediately after gastrulation, at the 6th
cleavage.
In Halocynthia, Taniguchi and Nishida (2004) have traced
the lineage of neurons from 10 blastomeres at the 110-cell stage
(approximately the 7th cleavage), but do not specify when the
neurons are actually born. In Ciona, Cole and Meinertzhagen
(2004) have shown that neurons in the visceral ganglion are first
generated at the 9th cleavage. The apparent delay relative to
Oikopleura can be explained in part by the fact that gastrulation
takes place at least one cell division later in Ciona than Oiko-
pleura (Galt and Fenaux, 1990), which could mean that
neurulation and neurogenesis also begin one cleavage later. It
could also be resolved in part by a slightly accelerated cleavage
rate in neural lineages relative to a strictly synchronized sche-
dule, so that some neural lineages reach the 9th cleavage at theexpected time of the synchronized 8th cleavage. Variations in
cleavage rates between different lineages are not uncommon in
postgastrula embryos, and indeed cleavage rates differ among
different branches of the neural lineage of Ciona (see Fig. 6 of
Cole and Meinertzhagen, 2004), so this could easily play a role
here.
Neurogenesis concludes at about 4 h in the caudal ganglion
and caudal nerve cord of O. dioica. In Ciona it concludes in the
visceral ganglion at the 13th cleavage (Cole and Meinertzhagen,
2004). A similar generation rank in Oikopleura would imply a
substantial lengthening of the cell cycle in the neuronal lineage
after the first hour of development, as is seen in Ciona (Cole
and Meinertzhagen, 2004). This remains to be determined in
Oikopleura, but is consistent with final neuron number. Given
the low numbers of neurons in the Oikopleura CNS it should be
possible to ascertain, potentially through direct observation
combined with specific cell markers, the extent to which the
mitotic histories of specific types of neurons are conserved in
ascidian and appendicularian urochordate species.
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